ABSTRACT Cross point RRAM arrays is the emerging area for future memory devices due to their high density, excellent scalability. Sneak path problem is the main disadvantage of cross point structures which needed to be overcome to produce real devices. Various self-rectifying cells like complementary resistive cell, hybrid RRAM cell, valence modulated conductive oxide RRAM and non-linear resistive memory with tunneling barrier, etc., are proposed to overcome the sneak path problem and to achieve the high density with good on/off ratio. However, it is challenging to fabricate the self-rectifying cells operating at low program/erase voltages with high non-linearity for both read and write operations and exhibiting good retention and endurance characteristics at the same time for a single device. 1S1R devices are more attractive than SRC due to large optimization possibilities to obtain better device performance as they have separate selector cell and memory cell which decouples the control parameters. Various kinds of selector devices like Si-based selector, metal-oxide based selector, threshold switch selector, mixed ionic-electronic conduction selector etc., are under intense research to obtain the best performance cross point memory devices. In this paper, we have briefly discussed about recent progress on various self-rectifying cells and selector devices for obtaining 3-D stackable cross point memory arrays.
I. INTRODUCTION
A simple two-terminal Metal-Insulator-Metal (MIM) structure allows the implementation of resistive memories into high dense cross-point arrays. The concept of "crosspoint" for memory application can be traced back to more than 60 years ago [1] . A cross-point array consists of parallel interconnects (e.g., word lines/bit lines) at upper and lower planes, perpendicular to each other. Two-terminal memory devices are implemented at the crossing points of these wires. Assuming the width of both lines and spaces equals F (the minimal feature size), this leads to an effective cell area being 4F 2 , yielding the smallest single layer cell footprint. It is feasible to stack multiple 2D layers into a 3D configuration. By doing this, the minimal feature size is reduced further to 4F 2 /n, where n is the number of stacking layers. This prompts stacked cross-point arrays to be a promising architecture for high density and large capacity memory arrays. A practical problem associated with stacked 3D cross-point array is that the cost per bit does not always scale with the increasing number of layers, as it requires critical process steps, e.g., lithography and etching of metal lines and via contacts for each additional memory layer. This introduces extra process complexity and increases the fabrication cost. It has been reported that, to be most cost effective, the maximum number of stacking memory layers is about 8 [2] . In contrast, in the 3D vertical NAND (Bit-Cost Scalable) technology [3] , a single critical lithography and etching step is used to define memory cells on different layers. Thus, such stacked 3D cross-point can hardly compete with 3D VNAND technology, from the cost point of view. Recently, vertical cross-point arrays for resistive random access memory (VRRAM) [2] , [4] , [5] were suggested, considering a similar approach BiCS (bit cost scalable) for 3D NAND Flash [3] . In this structure, all vertical cells on different layers are defined by a single critical lithography and etch step, for achieving comparable fabrication cost. On top of that, VRRAM is expected to have better scaling potential compared to VNAND [5] . Firstly, the lateral half-pitch of VRRAM is expected to be smaller than that of VNAND. The former is determined by the thickness of the RRAM device (simple metal-insulator-metal structure), while the latter is determined by the minimal polysilicon vertical channel and charge trapping layer thickness. Secondly, due to the short channel effect, vertical cell-to-cell coupling and change spread issue, a minimal horizontal word line (WL) to word line (WL) distance for VNAND is mandatory. For VRRAM, this distance is determined by the WL-to-WL parasitic leakages, which can be reduced when a good insulator barrier is employed. Considering these two factors, VRRAM is forecasted to consume less than 1/3 in lateral and 1/2 in vertical dimension compared to the current charge trap based VNAND, which is promising for further reducing the bit per cost. Therefore, 3D VRRAM is clearly a more suitable candidate than stacked 3D RRAM as the successor of VNAND Flash in the future.
Although RRAM cross-point array and VRRAM shows promising potential for high density memory applications, it has not yet been commercialized successfully today. One reason is that, to enable functional memory operation, it is required that each memory cell has good selectivity, which is enabled through a nonlinear electrical behavior. A strong non-linearity is essential to allow access to the specific device(s) in the memory array without affecting or being affected by the others [6] . However, most of the reported resistive memory cells show nearly ohmic behavior in both LRS and HRS. This causes sneak currents through the unselected cells in the cross point array during memory operation. Two approaches are available to overcome these sneak current problems, firstly, using a self-rectifying cell (SRC) that will show non-liner I-V characteristics inherently and secondly, using an additional select device with non-linear I-V characteristics. In this paper, we have given an overview of recent progress on self-rectifying cells and nonlinear select devices to achieve the high density and highly selective 3D RRAM cross point array for future memory devices.
II. SNEAK PATH CURRENT PROBLEM
Taking a 2D cross-point array as an example, read error occurs when the detectable difference between readout current of a selected element in LRS and HRS vanishes, as shown in Fig. 1 . Due to the presence of the line resistance, the extra leakage induces significant IR voltage drop on the interconnecting lines, thus degrading the accessibility to the target cell, especially during the write operation where high currents are involved. Moreover, the leakage currents raise the total power consumption. With increasing array size, the array performance degradation is getting even worse due to the presence of more leakage paths.
The sneak current issue occurs for vertical RRAM array as well when linear resistive memory elements are used which is observed in Fig. 2 . These leakage currents would degrade array performance. For instance, the readout current (collected on the selected bitline pillar) consists of both real read signal and parasitic leakage currents from the unselected cells at different layers. With increasing the number of layers for VRRAM, more cells are connected to the vertical bitline pillar. This leads to more leakage paths, which causes additional read margin degradation. In the ideal case, the memory operation (e.g., read and write) is supposed to take place only on the selected memory cell(s), leaving the rest of the cells unaffected [6] . This, results in zero parasitic leakages and no additional power dissipation. However, this is nearly impossible in reality. An alternative solution is to introduce non-linear I-V characteristics into each memory cell [6] , [7] . To this end, a possibility is to use a separate, nonlinear device, such as a diode [7] , serially connected with each resistive memory element, in a one-selector one-resistor (1S1R) configuration as shown in Fig. 3 . A two-terminal selector structure is required for implementing this in a cross-point array, so as not to cause additional memory array area overhead. In this case, the parasitic leakage is largely suppressed due to the high resistance of a non-linear selector at small bias, which would dominate the full cell characteristics for the unselected memory cells. The advantage of this approach is that each of the elements can be tuned separately to achieve the best full cell characteristics that fulfill the performance targets [6] , while the disadvantage is the increasing process complexity required VOLUME 4, NO. Fig. 4(a) represents the 1S1R structure which is not compatible with a vertical RRAM architecture. Firstly, it would compromise the lateral scaling. Secondly, it would form a conductive electrode connecting the cells on the same vertical string, thus creating a short between neighboring cells at the adjacent planes. To isolate the cells, this inner electrode must be etched away, which is almost impossible. Thus, a second approach is to directly introduce non-linear I-V behavior into the memory cell itself. Such resistive memory device is also called self-rectifying cell (SRC) or selector less memory device. In this case, only one memory device is needed to be integrated, without implementing a separate selection device. Fig. 4(b) shows a non-linear SRC structure which is compatible with VRRAM architecture as well as planar cross-point arrays. This approach has an obvious advantage from process point of view, however, finding the proper material systems to achieve performance requirements from all aspects such as stable memory resistance states (LRS/HRS), high non-linearity for both read and write operations, low switching current and voltage, etc, remain big challenges. 
III. SELF-RECTIFYING CELL (SRC)
In general, a resistive memory device which provides selectivity inherently without using an additional selector is called SRC. Recently, several SRC concepts have been reported showing attractive characteristics. In this section, three types of SRCs are briefly introduced.
A. COMPLEMENTARY RESISTIVE SWITCHING (CRS)
CRS was firstly reported by Linn et al. [8] . Their CRS cell consists of two back to back connected CBRAM cells in which each single CBRAM cell has similar bipolar switching characteristics to that of oxide-based RRAM. A "butterfly" shape I-V characteristics is observed, owing to the four combinations of resistance states between the two resistive memory elements. After initializing the HRS/HRS ('OFF') state, the logic state '1' is represented by LRS (top-cell)/HRS(bottom-cell) state and HRS/LRS has the state '0'. The fourth state ('ON', LRS/LRS) is triggered during the read operation. The leakage current can be suppressed at both logic states ('0' and '1'), because at least one of the resistive elements is in the HRS. The logic state is distinguishable by applying a positive read voltage greater than the set voltage (V SET ) of the bottom cell. When the cell is in LRS/HRS (logic '1') state, this triggers the formation of a filament in the bottom cell, thus LRS/LRS is achieved, resulting in a high readout current. On the other hand, the cell stays in HRS/LRS (logic '0') at read voltage leading to a low readout current. The read '1' operation in the CRS cell is destructive, so a write-back process is needed to bring the LRS/LRS to the original LRS/HRS state by applying a negative voltage. This will increase the complexity from peripheral circuit design point of view [6] . Moreover, it causes 296 VOLUME 4, NO. 5, SEPTEMBER 2016 extra power consumption, which makes it less attractive for frequently-read memory applications. Furthermore, this limits the read endurance to be equal to the program endurance. Until now, CRS have been reported not only for CBRAM [8] , [9] , but also for a variety of oxide-based RRAM [10] - [12] and amorphous carbon based RRAM cells [13] , in a back-to-back connected cell configuration. However, the inner metal electrode makes the device structure less attractive to VRRAM architecture. In contrast to these M-I-M-I-M ('M': metal, 'I': insulator or electrolyte) CRS structure, Nardi et al. [14] reported CRS operation in single a HfO x layer M-I-M stack as shown in fig. 6 . The CRS behavior in this case is explained as following [14] : When a strong negative voltage is applied with respect to the top electrode, a depletion gap is created near the bottom electrode due to the lack of oxygen vacancies. Then, upon applying a positive voltage, the oxygen vacancies are drifted from top electrode towards the bottom electrode forming the conductive filament. So, the cell shows a low resistance state in this condition. Further increasing the positive voltage causes depletion of oxygen vacancies near top electrode, leading to a high resistance state again. In this way the conductive filament can be connected, depleted and reconnected by applying negative voltage. Fig. 6 (a) shows the simulated filament's shape by a numerical model and corresponding I-V characteristics during switching. Beyond simulation analysis, the paper also reported a real oxide-RRAM (TiN/HfO x (5nm)/TiN) stack showing such CRS behavior, which aligns with the simulation prediction. Thus interests for CRS cells are driven by their non-linear I-V characteristics, which can be achieved using the existing bipolar resistive memory cells. However, several issues are remaining as challenges for practical CRS cell implementation. Firstly, it is hard to control the uniformity of CRS due to the variability inherent to each memory element in the stack. This implies that it could be difficult to achieve low current operation in the CRS, as the variability usually increases with lowering the current for the filamentary resistive elements [15] - [17] . Secondly, a destructive read requires a write-back process, which increases complexity of circuit design.
B. HYBRID RRAM-SELECTOR CELL
The W/NbO x /Pt cell was demonstrated by Kim et al. [18] , where Nb 2O 5−x /NbO 2−x stack layer is formed for a hybrid device with both memory and selector properties as shown in fig. 7 . Different properties are obtained due to different atomic ratio (Nb/O) in the NbO x film. For instance, a NbO 2−x film [19] , [20] shows a typical metal-insulator transition (MIT) selector behavior, while Nb 2O 5−x layer exhibits bipolar filamentary resistive switching. By controlling the oxygen concentration during deposition, Nb 2O 5−x and NbO 2−x are formed successively to achieve both memory and selector functionalities in the same cell as shown in fig. 7 (b). A merit of this structure is that an additional middle electrode is not needed for separating the selector and memory cell. The reported hybrid devices show good DC cycling, high temperature thermal stability and good device-to-device uniformity. 
C. NON-LINEAR RESISTIVE MEMORY WITH TUNNELING BARRIER
A non-linear resistive memory is also achieved by engineering the oxide multi-layers for filamentary resistive memories. For instance, where a thin tunneling barrier is inserted to generate non-linear characteristics [21] - [23] , Chand et al. [21] reported a 5 × 6 µm 2 HfO 2 cross bar RRAM with inserting a thin Al 2 O 3 tunnel layer. The device with tunnel layer has shown an excellent non-linearity factor (37) in comparison to the device without tunnel layer (1.7). Here the non-linearity factor gives the quantitative measure of non-linearity in the low resistance state, and is defined as the ratio of the current at the read voltage (I @ V read ) to the current at the half-ofthe read voltage (I @ 1/2V read ).The conduction in the HfO 2 layer is dominated by hopping and a direct tunneling through the large band gap Al 2 O 3 tunnel layer at high polarity, similar to the conduction mechanism in the metal-insulator-metal diode [21] is observed. This resulted in abrupt increase of the current through the device due to Fowler-Nordheim tunneling effect and has shown a high non-linearity factor and large endurance of 10 4 cycles. Park et al. [22] reported a new memory structure with two tunneling barriers as shown in Fig. 8 . In this, the original resistive memory cell consists of two transition metal oxide (TMO) films acting as resistive VOLUME 4, NO. 5, SEPTEMBER 2016 297 fig. 8(d) . Moreover, the switching current is reduced to below ∼1 µA. Note that low current operation and high non-linearity are both desired for an ideal self-rectifying cell, in order to minimize power dissipation and IR voltage drop during memory operation. Further investigation showed that the two inserted barrier layers play different roles regarding to switching. The bottom barrier acts a tunneling barrier. The initial leakage current for both states can be decreased with increase of this barrier thickness, thus improving the cell non-linearity. The top barrier, on the other hand, provides self-current compliance. This improves pulse endurance by limiting potential current overshoot. As a consequence, excellent pulse stress up to 10 7 cycles at program condition was achieved with limited degradation through the whole I-V voltage range.
D. VACANCY MODULATED CONDUCTIVE OXIDE (VMCO)-RRAM
Govoreanu et al. [24] demonstrated self-rectifying TiN/Al 2 O 3 /TiO 2 /TiN cell as shown in fig. 9 . A post TiO 2 deposition anneal reduces the TiO 2 layer, creating an oxygen vacancy (Vo) profile across the film, hence a vacancy modulated conductive oxide (VMCO) active layer [24] . VMCO cell switches in self-compliance mode.
Furthermore, the cell exhibits low current operation and strongly non-linear I-V behavior. The switching current scales with cell size, indicating that the switching takes place uniformly over the entire cell area, in contrast to the filamentary resistive memory cells. The oxygen vacancies can move back and forth according to the polarity of the applied electric field [24] , resulting in a change of the barrier seen by the tunneling electrons which is schematically demonstrated in fig. 10 . For instance, in the HRS and initial state, the vacancies are close to TiN/TiO 2 interface, leaving the whole 'defect-free' tunneling barrier (Al 2 O 3 + part of TiO 2 ) layer, thus increasing the cell resistance. When a positive voltage is applied on the top TiN, the oxygen vacancies are pushed through the whole TiO 2 region. Therefore, the LRS cell resistance reduces since it is mostly determined by the Al 2 O 3 only. SRC was also demonstrated by Meyer et al. [25] and Chevallier et al. [26] . A simple Pt/Tunneling oxide (TO)/Conductive metal oxide (CMO)/Pt stack was developed as a resistive memory device. Fig. 11(a) shows that self-compliance, low current switching and non-linearity can be achieved simultaneously. Although this cell structure is similar to that of the self-rectifying cells that was introduced before, the underlying resistance change mechanism is different. A schematic model is shown in fig. 11(b) representing the conduction mechanism in the device under various applied fields. A large electric filed is generated in the tunnel barrier at program and erase voltages due to its small thickness. This high field penetrates through the CMO upto a distance of Debye-length resulting in the exchange of 298 VOLUME 4, NO. 5, SEPTEMBER 2016
oxygen ions between TO and CMO as shown in fig. 11(b) . Thus the oxygen ions exchanges between TO and CMO upon the application of negative and positive voltages. 
IV. SELECTOR FOR RRAM
Besides SRC, introducing an additional selection device in serially connected with each memory element in a 1S1R configuration is another effective way to inject self-selectivity to the cross-point arrays. Compared to the SRC, using separate memory and selector cell decouples control parameters, allowing optimization individual component separately to reach the overall device performance targets. As a consequence, the 1S1R device appears relatively easier to meet the performance requirements than the SRC. It is believed that the 1S1R RRAM cross-point arrays which are suitable for the potential storage class memory (SCM) applications will pioneer the commercialization of the RRAM technology in the near future, before VRRAM acting as VNAND replacement. Compared to CRS and 1D1R, 1S1R shows the higher non-linearity factor. A sufficient read margin can be obtained using An All-LPU (All line pull up) scheme in all types of devices, i.e., CRS, 1D1R, or 1S1R. However, unreliable write is the major obstacle in CRS and 1D1R. The 1S1R crossbar RRAM with excellent read and write margins using high band width parallel schemes has high potential as a new generation SCM. An ideal selector has several characteristic requirements to enable high density 1S1R cross-point arrays. These requirements are basically derived from circuit performance aspect, device and process compatibility. A two-terminal selector is needed so as not to cause extra memory array area overhead, to enable achieving the minimal single layer cell footprint 4F 2 (F: feature size). This renders up the usage of a siliconbased four-terminal transistor as cross-point array selection device, although a transistor acts as a perfect switch for blocking leakage current [27] , [28] . A selector should be able to provide enough current as needed for SET and RESET operations of the resistive memory cell. For instance, to enable resistive memory with ∼10 A switching current, this translates to current density of ∼10 MA/cm 2 for a selector, where targeting 10x10 nm 2 cell size. The maximum achievable cross-point array block size depends on the circuit performance like sufficient read margin, acceptable read/write power, etc, which is strongly affected by the leakage currents from the unselected memory elements. The leakage current needs to be as low as possible for improving the overall memory operation. Considering that an ideal selector should have high current at high voltage as well as very small current at low voltages simultaneously, this translates into a highly nonlinear characteristic [6] . As most of the reported resistive memory cells exhibited better performance in bipolar operation mode, a bidirectional selector, which could provide symmetrical I-V, such as high drive current and highly nonlinearity at both polarities is required. Resistive memory elements have various SET and RESET voltages depending on their material system and underlying working mechanisms. It is important that the selector element is compatible with the memory cell, in order to transfer selector nonlinearity to the 1S1R full cell, to ensure limited leakage current from the unselected memory elements during both read and write operations. It is difficult to assess the performance of a selection device quantitatively without knowing the resistive memory to be paired [6] , [29] , [30] . An ideal selector device should be fast enough, imposing no speed limitation on the operation of the memory device. Moreover, the reliability such as cycling endurance, array yield, variability should be as good as or even better than the resistive memory cell [6] . The material utilized by selector fabrication should be CMOS process compatible, which limits the usage of materials such as Pt, Ag, Au, etc in the structure. Moreover, to enable 3D stacked memory arrays, the thermal budget of selector device fabrication should be compatible with the back-end-of-line (BEOL) process. Besides, the selector should be able to withstand 400 • C thermal stress for ∼2h, considering the processes needed for stacking subsequent memory layers and wiring interconnects [6] . It is also desired that a selector has a simple structure and low aspect ratio, to reduce the process complexity. Some of the important parameters of the ideal selector device are given in the Table 1 The above discussed selector requirements make it very challenging to implement a qualified selector device for cross-point arrays. In the following part, we will survey VOLUME 4, NO. 5, SEPTEMBER 2016 299 the main reported selector concepts, and discuss their merits and demerits.
V. KIND OF SELECTOR A. SILICON-BASED SELECTORS
Transistors have been used as the selector devices for many decades as they can fulfill the several requirements of the selector. Transistors offers large drive current which provides high ON/OFF ratio, self-compliance, tunable threshold voltage with doping variation and mass production with high reliability which makes them attractive towards the selector devices. In 2013, Panasonic has developed an industry's first new non-volatile memory RRAM. The 1T1R-RRAM memory is fabricated by the CMOS process with 0.18 µm low power consumption RRAM, enabling readout at low-voltage and fast memory cell rewriting at 10 ns. Microcomputer with RRAM reduces power consumption of applications, in particular allowing longer battery life and downsizing for environment infrastructure equipment, such as smart meter, and mobile devices, such as smart phone requiring low power consumption. However, the relatively large size and a complex fabrication process limit the use of transistors as selector devices. Epitaxially grown PN (P-i-N) diodes [31] - [33] have been reported and demonstrated firstly for the unipolar phase change memories (PCRAM) as selector devices. Oh et al. [31] fabricated vertical diodes with selectiveepitaxial-growth (SEG) on single crystalline Si substrate, to improve the rectifying ability (forward/reversed biased I on /I off current ratio) compared to that of poly-Si case. The selector devices integrated in a 512Mb PRCAM test chip, presented in fig. 12(a) , are showing functional memory operations. The demonstrated PN diodes show high on-current density exceeding 25MA/cm 2 with I on /I off ratio of about 10 8 . The advantage of using PN diodes as cross-point array selector devices come from three aspects: firstly, many decades of manufacturing and research experience with Si based device make it relatively easy for performance tunability, enabling PN diodes to be compatible with the memory cell [6] . Secondly, PN diodes provide high on-current, which is able to drive successful SET or RESET operation for the memory cell. Thirdly, parasitic leakage can be largely suppressed due to the extremely small reversed bias current. However, due to the fact that most of the resistive memories operate in bipolar switching mode, a unipolar PN diode is not suitable. Two-terminal Si-based selector being capable of providing symmetrical I-V characteristics have been reported, such as punch through NPN diodes [34] - [36] . The device concept reported by Kim et al. [37] as shown in fig. 13 (a) is described as follows. A potential barrier is formed at N + /P junction to block the electrons to pass from one side to the other at zero and low bias. By increasing the applied voltage, the depletion region of the P/N + (cathode, reversed bias) extends and the P region becomes more attractive for electrons. This is an equivalent effect to reduce the barrier for electrons, which is similar to the "drain induced barrier lowering" (DIBL) or punch through effect in short channel transistors. Srinivasan et al. [34] demonstrated NPN punch through selector showing a maximum drive current density over 1MA/cm 2 , with I on /I off ratio (half-bias nonlinearity) of about 4700. The operating voltage range is tunable, for instance, by adjusting the thickness of the P region and doping concentration. Fabrication of such diodes requires in-situ doped epitaxial Si growth process with thermal budget of over 700 • C. The high temperature of process makes this concept less suitable for a BEOL process and 3D stacking. Kim et al. [37] demonstrated a latch-up based NPN bidirectional selector. The silicon N/P/N regions are formed subsequently by three-step ion implantation, followed by the silicon pillar dry etching. This resulted in 300 VOLUME 4, NO. 5, SEPTEMBER 2016 the growth of Si pillars with diameter of 22nm as shown in fig. 14(a) . Interestingly, such device is characterized by an abrupt increase of current in contrast to showing a smooth I-V behavior as shown in fig. 14(b) . It is believed that excess holes are generated due to impact ionization at the reversely biased junction, and then are accumulated at the P region [37] . These holes effectively reduce the barrier height for electrons injected from the emitter. This further enhances the process of impact ionization. Thus, a positive feedback loop is established, at certain level it results in a sudden jump of the current. This NPN selector exhibits promising on-current exceeding 50 MA/cm 2 and on-/off-state selectivity of over 10 4 . While the thermal budget is not mentioned, it is expected that a high temperature annealing is necessary for dopant activation. So far, we have introduced silicon-based two-terminal devices as potential selector applications. One common issue related to all silicon-based selectors remains the high temperature annealing process, which is required for dopant activation. This makes the devices less suitable for sub-400 • C BEOL process and 3D stacked multi-layer memory structures. Besides, dopant and grain-size induced cell variability could be a potential issue for scaled devices, specifically to lowly doped and polycrystalline films, when device dimension becomes comparable to the grain size. 
B. METAL-INSULATOR-METAL BASED SELECTORS
Various oxide-based diodes have been reported [38] - [44] . Lee et al. [38] fabricated a 1D1R structure using Pt/IZO/CoO/Pt/TiN oxide diode and Pt/HfO 2 /ZrO 2 /TiN resistive element. Pt/IZO/CoO/Pt/TiN structure has shown non-linear I-V characteristics well fitted with basic diode I-V characteristics with slope of 8. The device has shown unipolar RS behavior under forward bias with sufficient forward current and large reverse current resulting in a large F/R ratio of 7×10 3 at 2 V. Huang et al. [39] , [40] suggested a Ni/TiO 2 /Ni structure showing bipolar non-linear characteristics as shown in fig. 15(a) . The proposed device has a maximum drive current of about 10 5 A/cm 2 and an on/off ratio of about 10 6 (ratio between maximum current and current close to zero bias). From fig. 15(b) , the conduction mechanism is described as Schottky emission at the Ni/TiO 2 interface, where the extracted barrier height is ∼0.55 eV at zero bias. A non-linear Schottky diode is also fabricated using Pt/TiO 2 /TiN by Shin et al. [41] . The device shows asymmetrical I-V behavior, i.e., lower current is observed when applying negative voltage on Pt electrode. This is explained by a higher Schottky barrier for electrons injected from Pt/TiO2 than that from TiN/TiO 2 interface. The maximum achievable current density is ∼1.5×10 5 A/cm 2 , when injecting current from the TiN/TiO 2 interface. By choosing a suitable metal electrode with respect to nitridebased semiconductor (SiN x ), a back-to-back Schottky diode is formed as shown in fig. 16(a) . The injection current is mainly determined by the reversed biased Schottky contact at the cathode, yielding non-linear I-V characteristics, which are tunable, e.g., by increasing the N% content to increase the band-gap of SiN x , thus increasing the Schottky barrier height as shown in fig. 16(b) . With a N/Si ratio of ∼0.3, the selector shows maximum current drive ∼2 × 10 5 A/cm 2 and an on/off ratio (half-bias current ratio) of ∼150.
Another approach to achieve highly non-linear I-V characteristics is to use an oxide layer as tunneling barrier. Electron tunneling is a quantum-mechanical process that causes exponentially increasing current with the applied voltage [45] . A simple Metal-Insulator-Metal (MIM) consisting of thin oxide film such as HfO 2 , Al 2 O 3 , TiO 2 , etc exhibits excellent non-linear I-V characteristics fulfilling the requirement of selector device [46] , [47] . Govoreanu et al. [45] reported a novel TiN/Ta 2 O 5 /TiN bidirectional selector with an ultra-thin ALD deposited Ta 2 O 5 layer, which achieves high drive current density ∼10 5 A/cm 2 , half-bias non-linearity ∼360, fast turn-on/off speed and excellent AC endurance. By engineering the tunneling barrier of using multiple oxide stacks [48] - [50] , MIM VOLUME 4, NO. 5, SEPTEMBER 2016 301 selector has been optimized towards ∼10 7 A/cm 2 maximum drive current and half-bias nonlinearity of about 10 4 in Pt/Ta 2 O 5 /TaO x /TiO 2 /Pt structure proposed by Lee et al. [48] . Fig. 17 shows the schematic structure and I-V characteristics of the proposed structure. The oxide layers are formed by applying thermal oxidation annealing on TaOx/TiO 2 , resulting in formation of Ta 2 O 5 /TaO x /TiO 2 stack as shown in fig. 17(b) . The outer oxide layer provides large barrier height for electrons to be injected from both sides. Moreover, due to large total oxide thickness, the tunneling current at low bias is significantly suppressed. The barrier height gradually decreases towards the inner TaO x layer. At high biases, the current increases dramatically due to band bending, which enables electrons to tunnel through the thin oxide barrier at the injected interface. Instead of using a Pt electrode, a fully CMOS process compatible W/Ta 2 O 5 /TaO x /TiO 2 /TiN device was demonstrated recently [50] . However, this comes at the cost of reducing cell non-linearity, possibly due to barrier height lowering given the low-work function metal TiN. 
C. THRESHOLD SWITCHING SELECTORS

C.1. OVONIC THRESHOLD SWITCHING (OTS)
Ovonic threshold switching (OTS) behavior was firstly reported by S. R. Ovshinsky, in various amorphous chalcogenide alloy materials [51] . A rapid increase of current is observed in the I-V characteristics of the OTS selectors during voltage controlled sweep. This resembles that during the current controlled sweeps, I-V characteristics of the OTS exhibits negative differential resistance (NDR) behavior between a threshold voltage and a holding voltage. Fig. 18 represents the schematic illustration of the I-V characteristics of OTS selector device. From the fig. 18 , it is clear that the NDR region is unstable resulting in a rapid and reversible transition to either a high resistance state (off-state) or to a low resistance state (on-state). Interests for using the OTS mechanism for selector device implementation mainly comes from two aspects: firstly, its large off-state resistance ratio provides 1S1R full cell selectivity at program and readout conditions. Secondly, most threshold switching materials show high on-state drive currents (e.g., >10 MA/cm 2 ), which enables resistive memory with over 10 A switching current at 10 nm-scale. The OTS phenomenon has been explained by several theories, such as thermally induced electronic switching [52] , impact ionization and recombination [53] , [54] , etc. Recently, Ielmini et al. [55] , [56] developed an analytical model based on trap-limited conduction, which can fit with experimental data well as shown in fig. 19 (a) . I-V behavior at the low current regime is described by the Poole-Frenkel (PF) model, where an exponential increase of the current is due to the field-induced barrier lowering effect, which enhances electron hopping conduction. As further increasing the applied voltage, electrons tunnel to higher energy traps. The tunneled electrons occupy the shallow traps close to the conduction band, resulting in a non-uniformity of the electric field across the OTS material. To a certain extent, the region near the cathode becomes 'invisible' for the tunneling electrons, as shown in Fig. 19(b) . This corresponds to the occurrence of the S-type I-V snapback and then OTS switching happens. In 2009, Kau et al. [57] , from Intel group has demonstrated a PCRAM cross point array with OTS as select device which exhibited high density and large endurance of 10 6 cycles. Several threshold switching selectors based on different chalcogenide alloy materials have been reported [58] , [59] . Lee et al. [60] and Son et al. [61] demonstrated a structure of Ti/AsTeGeSiN/Ti. The reported selectors show limited degradation after applying alternative pulse voltage stress at on-state and off-state conditions up to 10 8 cycles, for both 30x30 nm 2 and 0.5x0.5 m 2 cell sizes. As shown in fig. 20 , the selector was successfully integrated with a TaOx based resistive memory element, a clearly improvement on the low-bias leakage current can be observed in the full 1S1R cell configuration, with the on/off state non-linearity projected to ∼100 at readout condition. The selector off-state leakage current can be further reduced by applying post deposition annealing. Such impact is well explained by a PF conduction model, where the trap density in the chalcogenide alloy is strongly reduced after the thermal annealing [60] . Chalcogenide alloy is an interesting material system for 302 VOLUME 4, NO. 5, SEPTEMBER 2016 selector implementation given by its volatile OTS behavior. However, such volatile switching strongly depends on the alloy components and their concentration. With different alloy combination, nonvolatile switching characteristics can also occur, e.g., Chalcogenide-based PCRAM cells, due to the local heat induced material crystallization effect. Thus, chalcogenide material composition has to be carefully tuned, so as the device shows only volatile switching for the selector applications.
Next to it, the off-state leakage current should be minimized for selectors to cut-off the leakage paths. However, this can be very challenging to achieve given the large defect density in the amorphous alloy materials, which would enhance the PF conduction at low bias. 
C.2. METAL-INSULATOR TRANSITION (MIT)
Metal-Insulator-Transition (MIT), is characterized by a fast, reversible transition between a low resistive metallic state and high resistive insulating state of an oxide [20] . This transition is triggered electrically or thermoelectrically, and was observed in transition metal oxides such as VO 2 , NbO 2 , etc. Son et al. [61] presented Pt/VO 2 /Pt selector, as shown in Fig. 21 , showing moderate on/off non-linearity (∼50), large drive current (>1 MA/cm 2 ), excellent switching uniformity during 100 switching cycles and fast switching speed (<20ns). The MIT behavior is only observed in small size devices, while the large-area devices show ohmic I-V behavior as shown in the inset of fig. 21(a) . This is possible due to the large defect density of the VO 2 layer, which increases the background leakage current. Although VO 2 exhibits excellent MIT behavior, its transition temperature is only around 67 • C [18] . A too low switching temperature makes it less suitable for practical applications at operating temperature up to 85 • C. In contrast to VO 2 , NbO 2 based MIT selector remains stable up to 160 • C. Similar to VO 2 , Pt/NbO 2 /Pt selector, presented in fig. 22 , shows excellent switching uniformity up to 1000 cycles [18] . The threshold voltage and the hold voltages are relatively larger compared to that of VO 2 -based device, as observed from Fig. 22(b) . A common concern for MIT based selectors is that the leakage current in the off-state is still very high. This can be attributed to the low band-gap specific to the MIT materials, which results in a low barrier height at the metal-oxide interface. On the other hand, such large off-state current is even necessary to enable Joule heating, as the transition is found to be thermally triggered in the reported cases. 
C.3. FIELD ASSISTED SUPERLINEAR THRESHOLD (FAST) SELECTOR
Jo et al. [62] reported a Field Assisted Superlinear threshold (FAST) selector utilizing a superlinear threshold layer (SLT) where a conduction path is formed at the threshold voltage and disappears below a hold voltage. The threshold switching I-V behavior is characterized by an over 10 10 nonlinearity (100 nmx100 nm), large drive current density exceeding 5×10 6 A/cm 2 , excellent endurance of over 10 8 cycles and fast turn-on and off time less than 50 ns, etc. The FAST selectors are integrated with forming-free RRAM cells in a 4Mb 1S1R crosspoint arrays. From fig. 23 , the integrated 1S1R cell shows >10 2 on/off-state resistance window and ∼10 6 selectively (half-bias current ratio) for both read and write conditions. The process temperature of FAST selector is less than 300 • C, which is suitable VOLUME 4, NO. 5, SEPTEMBER 2016 303 for 3D-stackable integration. In contrast to OTS and MIT based threshold switching selectors, FAST offers the largest on/off state current ratio. Although FAST selector shows excellent behaviors, the actual material system has not been revealed yet.
C.4. MIXED IONIC-ELECTRON CONDUCTION (MIEC) SELECTOR
Mixed Ionic-Electron Conduction (MIEC) occurs in materials that conduct both electronic charges and ions. Recently, Gopalakrishnan et al. [63] reported selectors based on Cu-containing MIEC materials, where the MIEC layer is sandwiched between an inert bottom electrode (BEC) and top electrode (TEC). The applied voltage leads toa transient Cu ion movement, followed by steady electron/hole diffusion current, which generates strong non-linear I-V characteristics. With an optimized CMP process [64] - [66] , the integrated MIEC selectors in large 512x1024 arrays at 100 % yield was achieved. The MIEC devices were integrated using diode-in-via method as shown in fig. 24 (a) [64] . Bipolar DC I-V characteristics show ∼1 pA leakage current near 0V and wide voltage range ∼1.5 V with below 10 nA. Pulse measurements show that the MIEC devices can deliver maximum currents of over 100 A [64] , which corresponds to a drive current density over 10MA/cm 2 for the reported selector size. Thus, MIEC based selectors can offer the desirable combination of low off leakage current and high on current. At low-current (<10 A) stress condition, the MIEC selector can withstand over 1010 endurance cycles [63] , [64] . At high-current stress, the voltage margin (V m ) degrades and eventually the selector becomes short-circuited, as observed in fig. 24 (b) . TEM/EELS analysis implies endurance failure is possibly related to accumulation of Cu ions in the MIEC material [64] . Despite a Cu accumulation failure, another concern for MIEC-based selector is the low operating voltage range (or voltage margin). This makes MIEC selector less suitable for most of the resistive switching elements, which need to be programmed at relatively large voltages [29] , [30] . 
Comparison between different selectors:
The advantages and disadvantages of various kinds of selectors discussed above in terms of their important parameters are presented in Table 2 . The Silicon based selectors can provide a maximum drive current (J max ) to reach 10 MA/cm 2 current density. PN diode based on Si can provide a large half bias non-linearity (NL half ) of about 10 5 . The main disadvantage of the Si based PN diode selectors is that they are not compatible with standard BEOL process as they need high temperature to fabricate. Another disadvantage is that they are suitable for unipolar switching only. To overcome this, Si NPN diodes can be fabricated but they are still incompatible with the standard BEOL process. Metal-oxide based schottky diodes are compatible with bipolar switching and compatible with standard BEOL process for fabrication. However, the NL half is less than 10 3 and the J max is also less than 1 MA/cm 2 , which needed to be improved. Multilayer tunneling layer based selector exhibits large J max , high NL half , bipolar switching and compatible with BEOL process. However the scalability and variability of these devices is still a challenge to obtain a high performance device. Threshold switch selectors shows bipolar switching, provides high J max and compatible with BEOL process. However the complexity of the material system and small NL half (< 10 3 ) makes OTS not suitable to use it in real time devices. Low transition temperature of the MIT selectors tends to the search of new materials to obtain high transition temperature for their future application. FAST selectors are the best systems to obtain all the requirements for a real time selector device. Currently, a challenging search for such a selector material is under intense investigation. MIEC selectors also 304 VOLUME 4, NO. 5, SEPTEMBER 2016 offers all the requirements to make a best selector device, however the operating voltages of MIEC devices is very less which makes it incompatible to use with current RS elements.
VI. CONCLUSION
Non-linear characteristics are mainly generated by using the concept of complementary resistive switching, additional tunneling barrier and a Schottky barrier, or using an external select device. Interest on SRC originates from its simple structure. Most of the reported devices are compatible with VRRAM architecture, while the 1S1R cell configuration cannot fit for. To guarantee acceptable memory array performance, besides good memory properties, SRC operating a low program/erase voltage (current) and having highly nonlinearity for both read and write operations are required. However, it seems very difficult to achieve all these performance targets at the same time for a single device. The reported SRCs can hardly fulfill the requirements from both memory properties and self-selectivity aspects. Recently, with the success of 3D VNAND in the mass production and its continuous development, industry is considering the SRC technology (so as the RRAM) being a long-term option for the VNAND successor. A separate selector device providing extra nonlinearity to the resistive memory elements should offer ultralow off leakage currents when the memory cells are unselected, and provide sufficient on-current for enabling the switching of the selected cell. To achieve high current, large non-linearity, good reliability under both device and process compatibility constraints remain challenge for selector device implementation.
